Using transmission electron microscopy (TEM), the authors -whose group solved the structure of the famous Si(111) 7×7 surface in the 1980s-study atomically thin, several nanometers long, very regular gold nanowires formed by thinning down a narrow bridge between two oriented tips (1) . Shrunken to radii of 3 to 6 Å (roughly one or two times the bulk interatomic spacing of gold, 2.88 Å), these wires display "magic" preferred radii and geometries. This means that they only come in a few discrete sizes and shapes, a property long known for metal clusters. What is more striking is that the internal structure of these magic nanowires, which TEM is able to image and map despite their small size, is weirdly noncrystalline.
The structure consists of coaxial cylindrical tubes, or shells. A shell s contains a well-defined number n s of strands, each strand a tiny monatomic gold necklace. The number of strands in the shell increases with the shell radius, and each magic wire is characterized by a well-defined n s sequence. For example, if the outer shell contains seven strands and the inner shell consists of a central strand consisting of a single row of atoms, this is abbreviated as 7-1. Two other nanowires described by the authors are 11-4, or 14-7-1. For n s larger than 1, the strands are wound up helically side by side, nearly but not exactly parallel to the wire axis, to form the tube. The pitch of the helix differs from one wire and another, but not between successive shells of the same wire: Atoms in successive shells appear to strain a bit to maintain perfect registry.
Had the nanowires retained instead the main features of the regular face-centered cubic (fcc) crystal structure of bulk gold, they would look very different indeed: no tubes, no curly strands, no helicity. Even when regular crystallinity is abandoned and a close-packed nanowire made of tubes centered about a central straight strand is built from hard spheres, a nonhelical shell structure with 6-1, 12-6-1, etc., results, quite different from what is observed.
Cluster physics suggests at least two conceptually different sources for magic wire sizes. The first could be electronic shell closing. A small metal cluster may behave as a giant atom, with the most stable cluster sizes corresponding to closed electronic shells, very much as rare gas atoms are the most stable ones in the periodic table. This kind of shell-closing is observed in clusters of alkali metals such as sodium. The second source of magic sizes, although also electronic, is best explained in terms of packing. Imagine modeling atoms roughly as balls, endowed with some hard core repulsion as well as a soft mutual attraction (representing the electronic cohesive forces) that glue and pack the atoms together in the most effective way. This attraction has a major influence, particularly at the surface. This is important because in a nano-object, such as a cluster or a nanowire, surface atoms outnumber those in the interior (the "bulk"). The natural tendency of the bulk atoms is to arrange themselves in an fcc crystal lattice, whereas the surface atoms prefer some smooth, well-packed low-surface energy structure that optimizes the attraction. The two tendencies are in conflict, because a crystalline bulk implies surface facets and edges of high energetic cost, but a smooth, facet-and edge-free surface is Prev | By all available evidence, the weird gold nanowire structures appear to originate from the second mechanism. Although their detailed electronic structure is not yet known, it seems unlikely that simple electronic shell closing can explain the magic radii. Calculations for an ideal monatomic gold wire (3) suggest that the electronic d states in the nanowires should be totally filled, as in bulk gold. Thus, a possible electronic shell closing could affect at most the s electrons alone and not the other all-important player, the d electrons. A second argument in favor of the packing explanation is that very similar noncrystalline wire structures, nicknamed "weird wires," have been predicted on the basis of computer simulations of packing-dominated metal nanowire optimal structures (2) . In that study, crystalline or noncrystalline structures formed, depending on whether the wire radius was larger or smaller than a critical value in the subnanometer range. Experimental evidence now appears to demonstrate such a size-driven crystalline-noncrystalline structural transition for gold nanowires, with the thicker wires internally crystalline (4) and the thinner ones noncrystalline and weird (1).
What determines the magic noncrystalline nanowire shapes and sizes? Kondo and Takayanagi point out that each coaxial tube forms a bent and strained triangular lattice. This is reminiscent of carbon nanotubes, which are made up of bent graphite planes. In analogy with that case, we could view the nanowire shells as sheafs of gold crystal planes [here, triangular (111) fcc lattice planes] that are bent into tubes, inserted telescopically into one another, and then strained to get into register with one another (see the figure) . The registry between successive shells represents a curved equivalent of epitaxy, the exact registry that permits the growth of a regular surface crystalline layer onto a strong periodic substrate. It is absent in the carbon nanotubes, where the interaction between successive shells is much weaker. Hence, the spectacular telescopic motions seen in nanotubes (5) are not expected in the gold nanowires (see pages 602 and 560).
How to make a weird gold wire, conceptually.
(Top) Structure of three stacked (111) gold crystal planes. (Middle) To form the nanowires, the layers are first bent. (Bottom) In the final 14-7-1 nanotube, each triangular layer is joined onto itself, yielding a generally helical structure. The layers, now tubes, are strained so that they fall in registry with each other. A helical structure results.
This picture, however, does not tell us what periodicities to expect. The number seven seems to be ubiquitous in the nanowire structures. The thinnest wire is a 7-1; in all other wires, two successive neighboring shells always appear to differ by seven strands. Assuming perfect triangular lattices, geometry permits this difference to range from 7.35 (1) for parallel strands on neighboring shells to 5.44 for strands at 30°. Strands in successive shells are indeed nearly parallel to each other and to the wire axis, justifying the difference of seven (the closest integer to 7.35). But it remains unclear why they are not at 30° instead, which would have led to a difference of five or six (the closest integers to 5.44).
A closer look at the seven strands of the thinnest 7-1 nanowire may provide some insights. The outer shell of this wire is very smooth, with no facets or edges. Moreover, because of the jamming caused by one extra strand, it is denser than the hypothetical 6-1 wire that one can make with hard spheres. Such a smooth, triangular surface structure of enhanced lateral density is well known in gold. It characterizes all of the spectacular "surface reconstructions" typical of bulk gold (6) . A connection between the gold nanowire structure and the surface reconstruction of gold therefore seems likely.
The helical structure of the gold strands causes the nanowires to be generally chiral; that is, they are endowed with handedness. Once a given orientation with respect to the suspending tips is fixed, the nanowire will be either right or left handed. The data do not yet show whether the two chiralities are, as one would expect, equally likely. Chirality of metal nanowires was also predicted by simulations (7) and arises naturally when a triangular lattice is wrapped around a cylinder, quite similar to the wrapping of a graphene sheet in chiral carbon nanotubes. For an alternative viewpoint, imagine filling the hollow space between two concentric cylindrical walls with hard spheres, with the hollow width exactly equal to the sphere diameter. As one can see after some simple algebra, perfectly tight packing of the spheres inside the hollow space is possible, albeit only at special cylinder radii, yielding a structure that is generally chiral (7).
It is perhaps too early to say what kind of properties the weird gold nanowires might possess. Ballistic conductance measurements should reveal whether the number of conductivity channels is consistent with the electronic structure derived from the proposed structural model. The nanowires may also act as microcoils, an idea previously put forward for nanotubes (8) . The evolution of the wire structure and properties under external agents, including temperature, stress, and fields, is also potentially interesting.
What about nanowires made of other metals besides gold? It is not clear whether similarly equilibrated, regular nanowires (as opposed to nonequilibrated, irregular "neck" contacts) can be made from metals lacking gold's unique atomic mobility. If it is possible, we might anticipate, for example, that platinum-a noble metal with surface reconstructions quite similar to those of gold-might yield nanowires with similarly crowded cylindrical shells as gold. By contrast, nanowires made of a metal with Weird Gold Nanowires http://biblioproxy.cnr.it:3102/content/289/5479/561.full surfaces that do not reconstruct may not exhibit surface crowding. In simple metals, one could even observe an opposite, "anti-crowding" effect, resulting in pentagonal wires, as previously predicted by theorists (2, 9) . Finally, nanowires of magnetic metals like nickel could exhibit an interesting interplay between structure, magnetism, and conductance. All in all, there could be, hanging impalpably between two fine needle tips, a whole new nanoworld to be explored.
